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Abstract
We present the most accurate calculation for the pion and kaon electromagnetic form factors in the frame-
work of perturbative QCD, where the power corrections up to twist-4 of the meson distribution amplitudes
and the next-to-leading-order QCD corrections up to subleading power are included. In order to guarantee
the gauge invariance of the meson to vacuum matrix element, we take into account both assignments with
the lowest Fock state and the high Fock state with an additional valence gluon. Our results confirm the
power behaviour of the twist expansion and show the chiral enhancement effect at subleading power in the
PQCD approach. We also estimate the SU(3) asymmetry for the kaon and pion form factors and find that it
is smaller than 30%.
∗ scheng@hnu.edu.cn
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I. INTRODUCTION
The Quantum chromodynamics (QCD) has two fundamental properties: the quark confinement in the low energy
region and the asymptotic freedom in the high energy region. The confinement leads to the formation of the hadrons,
while the asymptotic freedom of the strong interaction results in the perturbative QCD calculations. When an energetic
photon hit a constituent parton (quark, antiquark or gluon, etc ) inside a hadron, one uses a function ” form factor”
to describe the redistribution of the momenta of the parton inside the hadron. The form factor therefore carries both
the information of hadron structure and the hard scattering amplitude. In order to calculate the form factor for a given
transition process, the factorization theory is developed to help one to separate the pertubative and nonperturbative
contributions [1–3]. The electromagnetic (e.m.) form factor of pion, being the simplest but simultaneously the most
fundamental QCD observed quantity, attracts much attention both in theory [4–8] and in experiments [9–11].
The statements for the form factors are rather different in different theoretical approaches. In the QCD factoriza-
tion (QCDF) [12–14], for example, the form factor is the nonpertuabtive input. In the light-cone sum rules (LCSRs),
one believes that the soft dynamics will provide the dominate contribution [6]. In the perturbative QCD (PQCD)
approach, however, it is described by a hard scattering amplitude [7, 15] and can be calculated perturbatively. For the
pion form factor, for instance, the lattice QCD (LQCD) evaluation is still available at a few points of the momentum
transfer squared Q2 so far [8], while the direct experiment measurements are credible below 3 GeV2 [10, 11] too.
The LCSRs approach is reliable in the intermediate region 1 ≤ Q2 ≤ 15 GeV2 [16], and the prediction power of the
PQCD approach holds well in the large region Q2 ≥ 10 GeV2 with the inclusion of the resummation effects. In this
paper we calculate the higher power corrections to pion and kaon form factors up to twist-4 of the meson DAs, with
the aim to check the power expansion behaviour from one side, and from the other side to improve the theoretical
accuracy in the framework of PQCD approach.
The rest of the paper is organized as follows. In Sec.II, the PQCD calculation of the spacelike pion form factor is
performed by considering both the quark-antiquark and the quark-antiquark-gluon assignments. In Sec.III, we present
the procedure of the PQCD approach to calculate the pion form factor, several important issues are highlighted. Sec.IV
contains the numerical results and we conclude in Sec.V.
II. POWER CORRECTIONS
The pion form factor is defined by the nonlocal matrix element
〈pi−(p2)|Je.m.µ |pi−(p1)〉 ≡ eq(p1 + p2)Fpi(Q2) , (1)
2
we are interest in the case that the smallness of relative distance is ensured by the ”external reason”, says large
momentum transfer between the hadrons1, in this case zipi ∼ 1 and the expansion parameter for a given operator
is the twist (dimension minus spinor). To separate the amplitude of matrix element contributed from the short- and
long-distance interactions, we replace the lines with large virtuality by the free propagators, while retain the lines with
small virtuality in the Heisenberg operator. In this way the matrix element can be written in the factorizable form,
〈pi−(p2)|Je.m.µ |pi−(p1)〉 =
∮
dz1dz2
〈
pi−(p2)
∣∣∣∣ {dγ(0) exp(igs ∫ 0
z2
dσν′Aν′(σ)
)
uβ(z2)
}
kj
∣∣∣∣0〉µt
·Hijklγβαδ(z1, z2) ·
〈
0
∣∣∣∣ {uα(z2) exp(igs ∫ z2
z1
dσνAν(σ)
)
dδ(z1)
}
il
∣∣∣∣pi−(p1)〉µt , (2)
where γ, β, α, δ are the spinor indices, and i, j, k, l are the color indicators. In Eq. (2), the hard kernel associated with
the lowest Fock state is
Hijklγβαδ(z1, z2) = (−1) [igsγm]αβ T ij [(ieqγµ)S0(0− z1)(igsγn)]γδ T kl
[−iD0mn(z1 − z2)] , (3)
where the factor (−1) comes from the anti-communicativity of the quark operator, and the free propagators are written
in the coordinate space as
S0(z) =
i
2pi
z/
z4
, D0mn(z) =
1
4pi
gmn
z2
. (4)
The nonlocal matrix elements in Eq. (2) imply the amplitudes of mesons breaking-up into a pair of soft quarks, they
receive contributions from different spin structures
〈
0
∣∣∣∣ {uα(z2) exp(igs ∫ z2
z1
dσνAν(σ)
)
dδ(z1)
}
il
∣∣∣∣pi−(p1)〉µt
=
δil
3
{
1
4
(γ5γ
ρ)δα
〈
0
∣∣u(z2) exp(igs ∫ z2
z1
dσνAν(σ)
)
(γργ5) d(z1)
∣∣pi−(p1)〉µt
+
1
4
(iγ5)δα
〈
0
∣∣u(z2) exp(igs ∫ z2
z1
dσνAν(σ)
)
(iγ5) d(z1)
∣∣pi−(p1)〉µt
+
1
8
(
σττ
′
γ5
)
δα
〈
0
∣∣u(z2) exp(igs ∫ z2
z1
dσνAν(σ)
)
(iσττ ′γ5) d(z1)
∣∣pi−(p1)〉µt
+ · · · } . (5)
In the above expression, the ellipsis indicate the rest terms in the Fierz transformation, and the truncated scale of the
integral µt2 is usually known as the factorizable scale. We quote the definition of Light-cone distribution amplitudes
(LCDAs) of light pseudoscalar meson in appendix.A.
1 Rather than the ”internal reason” by the W -boson mass and the heavy b-quark mass in which the operator product
is used at the small distance region zi  1/µt.
2 We will drop this indicator hereafter for the concise.
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Substituting Eqs. (3,5 ) into Eq. (2) and taking into account the definition in Eq. (1), we obtain the pion e.m. form
factor at each power with the two-parton-to-two-parton scattering,
F t2pi (Q
2) =
8
9
αspif
2
piQ
2
∫
d2k1T
(2pi)2
d2k′1T
(2pi)2
∫ 1
0
dx
∫ 1
0
dy ϕpi(x)ϕpi(y)
y¯
∆21∆
2
2
, (6)
F t3,2ppi (Q
2) =
16
9
αspif
2
pim
2
0
∫
d2k1T
(2pi)2
d2k′1T
(2pi)2
∫ 1
0
dx
∫ 1
0
dy
1
∆21∆
2
2
·
[
−y ϕPpi (x)ϕPpi (y)−
1
6
ϕPpi (x)ϕ
σ
pi(y)
(
yQ2
∆21
+
(x¯− y¯)Q2
∆22
+ 1 +
(2− x)y¯Q2
∆22
)]
, (7)
F t2⊗t4,2ppi (Q
2) =
16
9
αspif
2
pi
∫
d2k1T
(2pi)2
d2k′1T
(2pi)2
∫ 1
0
dx
∫ 1
0
dy
{ x¯y¯Q2
∆21∆
4
2
g2pi(x)ϕpi(y)
+2y¯Q2
[
1
∆21∆
4
2
+
y¯(2− x)Q2
∆41∆
4
2
+
1
∆41∆
2
2
] [
ϕpi(x)g1pi(y)− ϕpi(x)g†2pi(y)
]
+
[
y¯2Q2
∆21∆
4
2
+
y¯2Q2
∆41∆
2
2
]
ϕpi(x)g2pi(y)
}
. (8)
The symbols of triangle in the above expressions represent the momentum carried by internal propagator: ∆1 =
y¯p2 − p1 = (−Q/
√
2, y¯Q/
√
2,k′), ∆2 = x¯p1 − y¯p2 = (x¯Q/
√
2,−y¯Q/√2,k − k′)(y¯ = 1 − y and x¯ = 1 − x),
in which p1 and p2 are the momentum of initial and final pions, respectively, x and y denote the momentum fraction
carried by the quark in hadrons. The twist-2 times twist-4 contribution to the form factor is studied as the first time
in the PQCD approach3. To obtain Eq. (8), we have defined an auxiliary DA g†2(x) ≡
∫ x
0
dx′ g2(x′) with the bound
condition g†2(x = 0, 1) = 0, and used the following Fourier transformations,
1
x2
⇔ −i4pi2 1
p2
,
xα
x2
⇔ 8pi2 pα
(p2)2
,
xα
(x2)2
⇔ 2pi2 pα
p2
,
xαxβ
x2
⇔ −i8pi
2
(p2)2
(
gαβ − 4pαpβ
p2
)
,
xαxβ
(x2)2
⇔ −i2pi
2
p2
(
gαβ − 2pαpβ
p2
)
. (9)
The Sudakov exponential from kT resummation, which would be discussed in the next section, suppresses the dis-
tribution of meson with wide transversal distance. We can omit the transversal momenta terms on the numerator in
the large momentum transferred processes, then the second term on the right hand side of Eq. (8) vanishes, and the
contributions associated with twist-3 DAs and twist-2 times twist-4 DAs reduce to
F t3,2ppi (Q
2)→ 16
9
αspif
2
pim
2
0
∫
d2k1T
(2pi)2
d2k′1T
(2pi)2
∫ 1
0
dx
∫ 1
0
dy
1
∆21∆
2
2
·
[
−y ϕPpi (x)ϕPpi (y) +
1 + y
6y¯
ϕPpi (x)ϕ
σ
pi(y)
]
, (10)
F t2⊗t4,2ppi (Q
2)→ 16
9
αspif
2
pi
∫
d2k1T
(2pi)2
d2k′1T
(2pi)2
∫ 1
0
dx
∫ 1
0
dy
1
∆21∆
2
2
·
[
g2pi(x)ϕpi(y) +
(
y¯ +
y¯
x¯
)
ϕpi(x)g2pi(y)
]
. (11)
3 Twist-4 contribution to pion form factor has been studied in the LCSRs approach, and the result indicates a visible
enhancement in the large Q2 regions which is understood by the same asymptotic behaviour ∼ 1/Q4 as the twist-2
contribution at Q2 →∞[17].
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The gauge dependence proportional to transversal momenta in two-parton-to-two-parton scattering is cancelled
by the gauge dependence emerged in the three-parton-to-three-parton scatttering[18], then all the hard kernels in these
powers hold the gauge invariance, which in turn guarantees the kT factorization formula for the form factor up to this
power correction. We here give a short review for the gauge invariance. Generally speaking, the Feynman diagrams
of three-parton-to-three-parton scattering can be divided into four categories by the number of the valence gluon Ng
attached to the internal hard gluon line. The diagrams in category A with Ng = 0 do not bring the gauge dependence
since they can be regarded as being from an effective lowest Fock state. The diagrams in category B contain one
valence gluon attached to hard gluon, which is the main source of gauge dependence. Category C collect the diagrams
with Ng = 2 in which the configuration with four-gluon vertex is gauge invariant, and the amplitudes of the other
configurations with double three-gluon vertexes are also gauge dependent. Besides these, the diagrams with the two
valence gluons scatter via a three-gluon vertex are also gauge invariant and their amplitudes diminish by applying the
Ward identity, we put them in Category D. The gauge dependence in Categories B and C then cancel with the gauge
dependence in two-parton-to-two-parton scattering by using the equation of motion for the quark field. It is also
stated that the dominant contribution in the three-parton-to-three-parton scattering comes from the Feynman diagram
with a four-gluon vertex [18]. One of the reasons is that the nonvanishing hard kernels in other diagrams are power
suppressed at least by O(1/Q), which can be read directly by writing down the hard kernel for each diagrams, as did
in appendix B in Ref.[18] under the Feynman gauge. Otherwise, in the PQCD approach the momentum fractions of
light quarks are usually shrunk into the order x1, y1 ∼ O(10−1) (maybe a litter larger) by the threshold resummation
[19, 20], a valence soft gluon attached to the internal quark propagators introduces a power suppression such as
O(1/(y1Q2)), while the gluon attaches to the internal hard gluon introduces, i.e., O(1/(x1y1Q2)), then the naive
order analysis of the momentum fractions give another support.
We now consider only the gauge invariant diagram with the four-gluon vertex in three-parton-to-three-parton
scattering4, whose contribution to the pion e.m. form factor associated with the twist-3 DAs ϕ3pi(xi) is
F t3,3ppi (Q
2) =
16
3
αspif
2
3piQ
2
∫ D2kiT
(2pi)2
D2k′iT
(2pi)2
∫ 1
0
Dxi
∫ 1
0
Dyi ϕ3pi(xi)ϕ3pi(yi) 1− y1
∆21∆
2
2∆
2
3
. (12)
We denote the momenta in three-parton scattering by the oblique triangles to differentiate with the momenta in two-
parton scattering: ∆1 = p1 − p2 + k2, ∆2 = p2 − k2 − (p1 − k1) and ∆3 = k¯1 − k¯2. The momenta carried by the
quark lines are k1 = (x1p+1 , 0, k1⊥) and k2 = (0, y1p
−
2 , k
′
1⊥) for the initial and final mesons, respectively, and the
antiquark lines carry momenta k¯1 = (x2p+1 , 0, k2⊥) and k¯2 = (0, y2p
−
2 , k
′
2⊥). The integral variables Dxi and D2kiT
4 Two-parton-to-three-parton and three-parton-to-two-parton scatterings are forbidden by the color transparency
mechanism.
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in Eq. (12) can be written in the form
Dxi = dx1dx2dx3 δ(1− x1 − x2 − x3), D2kiT = d2k1T d2k2T . (13)
It is easy to see that the contribution F t3,3ppi (Q
2) is at subleading power (O(1/Q2)) when compared with the leading
twist contribution as given in Eq. (6). The contribution in the three-parton-to-three-parton scattering associated with
twist-4 DAs is also firstly calculated and can be written in the following form:
F t4,3ppi (Q
2)= −8
3
αspif
2
pi
∫ D2kiT
(2pi)2
D2k′iT
(2pi)2
∫ 1
0
Dxi
∫ 1
0
Dyi 1
∆21∆
2
2∆
2
3
·
{
ϕ†‖(xi)ϕ
†
‖(yi)
[2Q2
∆22
(
− 2(1− y1) + y2
2
)
+
5Q2y2
∆23
+
2Q4
(∆23)
2
(1− y1)y2x2
+
4Q4
∆21∆
2
3
(1− y1)[y2 + 2x2(1− y1)]− 4Q
4
∆21∆
2
2
(1− y1)2[1 + 2(1− x1)]
− 2Q
4
∆22∆
2
3
(1− y1)[5(1− y1)x2 + 5(1− x1)y2 − (1− y1)(1− x2)]
]
+ϕ†‖(yi)ϕ⊥(xi)
[
4 +
Q2
∆21
(1− y1)− Q
2
∆22
(1− y1)(1− x1) + Q
2
∆23
(1− y1)x2
]
+ϕ⊥(yi)ϕ
†
‖(xi)
[
− Q
2
∆22
(1− y1)y1 + Q
2
∆23
y1y2
]
+ϕ⊥(yi)ϕ⊥(xi)
[
5y1
]
+
[
ϕ→ ϕ˜
]}
. (14)
To obtain F t4,3ppi (Q
2), the similar auxiliary DAs ϕ†‖(xi) and ϕ
†
‖(yi) are introduced,
ϕ†‖(xi) ≡
∫ x1
0
dx′1 ϕ‖(x
′
1, x2, x3), ϕ
†
‖(yi) ≡
∫ y2
0
dy′2 ϕ‖(y1, y
′
2, y3), (15)
with the bound conditions ϕ‖(x1 = 0/1, x2, x3) = 0 and ϕ‖(y1, y2 = 0/1, y3) = 0 , respectively.
III. THE PQCD FORMULAE
We would like to start this section by discussing the end-point behaviours of the form factors. The form factor
at leading power F t2pi (Q
2) in Eq. (6) does not have the end-point problem due to the exchanging symmetry when
two valence quarks form a pion in the perturbative limit. The leading contribution with the quark-antiquark-gluon
assignment F t3,3ppi (Q
2) in Eq. (12) is also end-point safe due to the similar reason. The end-point problems start to
emerge at the subleading power O(1/Q2), and appear in terms of the logarithm singularity (i.e., the second term in
Eq. (10) and the first term in Eq. (11) ) and the linear singularity 5 (i.e., the first term in Eq. (10) and the O(1/Q4)
correction in Eq. (14) ). To overcome the end-point problems, we recall the transversal momentum for each external
5 We thank the referee for pointing out that the twist-2 times twist-4 contribution in Eq. (11) should contain only the
logarithm singularity to make sure the collinear factorization at leading twist.
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quark field to regularize the singularity by the off-shellness k2i , and make the resummation for the large logarithm
ln(Q2/k2T ) ( appeared in the high order correction to hard kernel) to get the kT Sudakov factor,
S(xi, yi, b, b
′, µ) =
∑
i=1,2
[
s
(
xi
Q√
2
, b
)
+ sq(b, µ)
]
+
∑
i=1,2
[
s
(
yi
Q√
2
, b′
)
+ sq(b
′, µ)
]
, (16)
where the terms s(Q, b) collect the double and single logarithms in the vertex correction associated with an energetic
light quark [21–23], and the terms sq(b, µ) comes from the resummation of the single logarithms in the quark self-
energy correction [15, 24],
sq(b, µ) = − 1
β1
ln
[ ln(µ/Λ(5))
− ln(bΛ(5))
]
− β2
2β31
[ ln[2 ln(µ/Λ(5))] + 1
ln(µ/Λ(5))
− ln[−2 ln(bΛ
(5))] + 1
− ln(bΛ(5))
]
. (17)
Eq. (17) is obtained by considering the strong coupling at the two-loop accuracy, β1 = (33−2nf )/12 and β2 = (153−
19nf )/24. We set the factorization scale at the maximal virtuality in the hard amplitude µ = Max(1/b1, 1/b2,
√
y¯Q).
The number of active quarks is chosen as
nf (µ) = Which [ 0 < µ < mc, 3,mc 6 µ < mb, 4,mb 6 µ < mt, 5 ] , (18)
the quark pole masses are mc = 1.34 GeV, mb = 4.2 GeV and mt = 173 GeV. For the hadronic scale we take it from
PDG in the MS scheme [25] with considering the four-loop expression of αs and the three-loop matching at the quark
pole masses,
Λ = Which [nf < 3, 0.332, 3 6 nf < 4, 0.292, 4 6 nf < 5, 0.210 ] . (19)
The longitudinal momentum fractions in the initial and final state mesons also generate large logarithm (i.e., the
double logarithm αs ln2 x) in the end-point regions, which is resumed in the convariant gauge ∂ · A = 0 to all order
to produce a universal jet function [26–28],
J(x) = −exp
(pi
4
αsCF
)∫ ∞
−∞
dt
pi
(1− x)exp(t) sin
(αsCF t
2
)
exp
(
− αs
4pi
CF t
2
)
. (20)
The jet function is factorized out from the meson wave functions and be regarded as a part of the hard kernel. For the
sake of simplicity, we usually adopt the Sudakov factor St(x) to parameterize the jet function [29, 30],
St(x) =
21+2c Γ( 32 + c)√
pi Γ(1 + c)
[x(1− x)]c . (21)
This parametrization satisfies the two fundamental properties of the jet function in Eq. (20) obtained by resolving
the running function: (a) it approaches zero at the end-points, and (b) it satisfies the normalization condition in the
perturbative limit αs → 0 (c → 0). We remark here that the threshold resummation happens only for the high twist
7
contributions, and the jet function modifies the shapes of the high twist LCDAs, especially in the end-point region, to
be proportional to x(1−x) ( as parameterized in Eq. (21) ), which then eliminates effectively the end-point singularity.
Considering the next-to-leading-order (NLO) QCD correction, the mixed logarithm ln(ζ2/k2T ) lnx appears in the
transversal-momentum-dependent (TMD) pion wave function 6, and the variable ζ2 ≡ 4(p · n)2/n2 ( p is the meson
momenutm, n is a vector deviated lightly from the light-cone n2 6= 0 ) brings the scheme dependence on a typical
choice of Wilson line. The joint resummation with off-shell Wilson line has been proposed to resolve this problem,
and the joint-resummed TMD pion wave function highlights the moderate x and small b regions for the momentum
distribution [34], as an supplement to the conventional kT and threshold resummations. Considering the complicated
expression of the joint-resummed wave function brings an minor impact on the pion form factor, in this work we would
still adopt the conventional pion wave function to estimate the different power contributions with setting ζ2 = Q2.
The formulas in Eqs.(16,20) are derived specially for the two-parton-to-two-parton scattering, and they are not
available any more for the three-parton-to-three-parton scattering since the Sudakov factor associated with a valence
gluon must differ from that associated with a valence quark. To evade the Sudakov factor for the valence gluon which
is still missing in the factorization theorem, we consider only the effective Sudakov factor associated with the most
energetic quarks in the quark-antiquark-gluon Fock state, and neglect the Sudakov factors associated with the gluon
and the soft quarks [18]. The approximation is taken as7,
S3(xi, yi, bi, µ) = s
(
(1− x1) Q√
2
, b1
)
+ s
(
x2
Q√
2
, b2
)
+ s
(
(1− y1) Q√
2
, b′1
)
+ s
(
y2
Q√
2
, b′2
)
, (22)
and the factorization scale is modified to
µ = Max[1/b1, 1/b2, 1/b
′
1,
√
(1− y1)Q] . (23)
For the transversal component of the momentum integral, it is more convenient to do in the coordinate space, and the
Fourier transformation with two propagators reads∫
db21 db
′2
1 exp
(
− ik1 · b1 − ik′1 · b′1
) ∫ d2k1T
(2pi)2
d2k′1T
(2pi)2
1
α+ k′21
1
β + (k′1 − k1)2
=
∫ ∞
0
b1db1b
′
1db
′
1K0(
√
βb′1)
[
Θ(b1 − b′1)I0(
√
αb′1)K0(
√
αb1)− [b1 ↔ b′1]
]
. (24)
6 Recently, a nondipolar gauge link for the TMD pion wave function is suggested [31, 32] to eliminate the pinched
singularity in the self-energy correction of non-light-like Wilson line. This new definition is much simpler than the
long-standing dipolar Wilson lines with a complicated soft subtraction definition [33]. In this work we would not
deal with the pinched singularity problem because the NLO pion wave function with the nondipole definition is still
missing at subleading twist.
7 In fact, b2 = b′2 due to the Gaussion integral in Eq. (25).
8
I0 and K0 are the modified Bessel functions of the first and second kind, respectively, K0 is also called as Basset
function. For the contribution with three internal propagators, the transversal integral is revised to
∫
db21 db
′2
1 db
2
2 db
′2
2 exp
(
− ik1 · b1 − ik′1 · b′1 − ik2 · b2 − ik′2 · b′2
)
·
∫
d2k1T
(2pi)2
d2k′1T
(2pi)2
d2k2T
(2pi)2
d2k′2T
(2pi)2
1
α+ k′21
1
β + (k′1 − k1)2
1
γ + (k′2 − k2)2
=
∫ ∞
0
b1db1b
′
1db
′
1K0(
√
βb′1)
[
Θ(b1 − b′1)I0(
√
αb′1)K0(
√
αb1)− [b1 ↔ b′1]
] ∫ ∞
0
b22db2K0(
√
γb2) . (25)
In the past twenty years, the PQCD factorization approach has made many progresses in the calculation for the
NLO QCD corrections 8. Here we give a brief summary about the major progresses for light meson form factors. The
NLO calculation for pion e.m form factor associated with two-parton twist-2 and twist-3 DAs are carried out in Ref.
[19] and Ref. [20], respectively, following which, the NLO correction to timelike pion form factor is obtained by the
analytical continuum technology [36, 37]. Another important correction is for the scalar pion form factor appeared
in the factorizable annihilation diagrams [38], which provides the dominate strong phase in PQCD approach to deal
with two-body nonleptonic charmless B decays. Recently the NLO calculation has been done for the ρpi transition
process to determine the strong coupling gρpiγ [39], and for the ρ form factors [40]. All the calculations turn out that
the convergency of perturbative expansion is good in the considered energy regions, which examines the prediction
power of PQCD at the NLO level. We would include the QCD corrections in the following numerical analysis for the
two-parton-to-two-parton scattering, and here we quote the NLO correction functions [19, 20],
F
(1)
t2 (xi, t, Q
2) =
αsCF
4pi
[
− 3
4
ln
t2
Q2
− ln2 x1 − ln2 x2 + 45
8
lnx1 lnx2 +
5
4
lnx1 +
77
16
lnx2
+
ln 2
2
+
5
48
pi2 +
53
4
]
, (26)
F
(1)
t3 (xi, t, Q
2) =
αsCF
4pi
[
− 9
4
ln
t2
Q2
− 53
16
ln(x1x2)− 1
8
ln2 x2 − 23
16
lnx1 − 2
9
lnx2
−137
96
pi2 +
ln 2
4
+
337
64
]
. (27)
8 Besides the NLO QCD corrections, the power correction with high twist distribution amplitudes is also studied
[35].
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IV. NUMERICAL RESULTS
The contributions to the pion form factor from the two-parton-to-two-parton scattering and the three-parton-to-
three-parton scattering are rewritten compactly as the following forms,
F 2ppi (Q
2) =
8
9
αspif
2
piQ
2
∫ 1
0
dx
∫ 1
0
dy
∫ 1/Λ
0
b1db1b
′
1db
′
1 e
−S(xi,yi,b,b′,µ)
·
{
y¯ϕpi(x)ϕpi(y)
[
1 + F
(1)
t2 (x, y, t, Q
2)
]
H
+
2m20
Q2
[
− yϕPpi (x)ϕPpi (y)
[
1 + F
(1)
t3 (x, y, t, Q
2)
]
H
+
1
6
ϕPpi (x)ϕ
σ
pi(y)
[−yQ2H1 − (x¯− y¯ − 2y¯ + xy¯)Q2H2 − 1] ]St(y¯)
+
2
Q2
[
g2pi(x)ϕpi(y) x¯y¯Q
2H2 + ϕpi(x)g2pi(y) y¯2Q2 [H1 +H2]
+
[
ϕpi(x)g1pi(y)− ϕpi(x)g†2pi(y)
] [
2y¯Q2(H1 +H2 + y¯(2− x)Q2H3)
] ]
St(y¯)
}
, (28)
F 3ppi (Q
2) =
16
3
αspif
2
piQ
2
∫ 1
0
Dxi
∫ 1
0
Dyi
∫ 1/Λ
0
b1db1b
′
1db
′
1b
2
2db2 e
−S3(xi,yi,bi,µ)
·
{f23pi
f2pi
(1− y1)ϕ3pi(xi)ϕ3pi(yi)H′
+
1
2Q2
[
ϕ†‖(xi)ϕ
†
‖(yi)
[
(−4(1− y1) + (1− y1)y2)Q2H′2 + 5(1− y1)y2Q2H′3
]
+ϕ†‖(yi)ϕ⊥(xi)
[
4H′ + (1− y1)Q2H′1 − (1− x1)(1− y1)Q2H′2 + (1− x1)(1− y1)x2Q2H′3
]
+ϕ⊥(yi)ϕ
†
‖(xi)
[− y1(1− y1)Q2H′2 + y1(1− y1)y2Q2H′3]
+ϕ⊥(yi)ϕ⊥(xi)5y1H′ + [ϕ→ ϕ˜]
]}
. (29)
The hard functions appeared in Eq. (28) and Eq. (29) can be written in terms of the Bessel functions,
H(α, β, b1, b′1) = K0(
√
βb′1)
[
Θ(b1 − b′1)I0(
√
αb′1)K0(
√
αb1)− [b1 ↔ b′1]
]
, (30)
H1(α, β, b1, b′1) = K0(
√
βb′1)
[ b1
2
√
α
Θ(b1 − b′1)I0(
√
αb′1)K1(
√
αb1)− [b1 ↔ b′1]
]
, (31)
H2(α, β, b1, b′1) =
b′1
2
√
β
K1(
√
βb′1)
[
Θ(b1 − b′1)I0(
√
αb′1)K0(
√
αb1)− [b1 ↔ b′1]
]
, (32)
H3(α, β, b1, b′1) =
b′1
2
√
β
K1(
√
βb′1)
[ b1
2
√
α
Θ(b1 − b′1)I0(
√
αb′1)K1(
√
αb1)− [b1 ↔ b′1]
]
, (33)
H′(α′, β′, γ, b1, b′1, b2) = K0(
√
γb2)K0(
√
β′b′1)
[
Θ(b1 − b′1)I0(
√
α′b′1)K0(
√
α′b1)− [b1 ↔ b′1]
]
, (34)
H′1(α′, β′, γ, b1, b′1, b2) = K0(
√
γb2)K0(
√
β′b′1)
[ b1
2
√
α′
Θ(b1 − b′1)I0(
√
α′b′1)K1(
√
α′b1)− [b1 ↔ b′1]
]
, (35)
H′2(α′, β′, γ, b1, b′1, b2) =
b′1
2
√
β′
K0(
√
γb2)K1(
√
β′b′1)
[
Θ(b1 − b′1)I0(
√
α′b′1)K0(
√
α′b1)− [b1 ↔ b′1]
]
, (36)
H′3(α′, β′, γ, b1, b′1, b2) =
b2
2
√
γ
K1(
√
γb2)K0(
√
β′b′1)
[
Θ(b1 − b′1)I0(
√
α′b′1)K0(
√
α′b1)− [b1 ↔ b′1]
]
. (37)
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To obtain the above expressions, we have defined the following denotation for the internal virtuality,
α ≡ y¯Q2 , β ≡ x¯y¯Q2 ,
α′ ≡ (1− y1)Q2 , β′ ≡ (1− x1)(1− y1)Q2 , γ ≡ x2y2Q2 . (38)
For the form factor of kaon, we simply make the replacements fpi → fK , mpi0 → mK0 and also for the nonperturbative
parameters in meson DAs. The power expansion is shown explicitly in Eqs. (28,29), which reads O(1) : O(m20Q2 ) :
O( δ2PQ2 ) : O( f
2
3P
f2PQ
2 ) : O( δ
4
P
Q4 ) corresponding to the contributions associated with leading twist, two-parton twist-3,
twist-2 times twist-4, three-parton twist-3 and twist-4 DAs, respectively.
We take the PDG valuems(2 GeV) = 96+8−4 MeV corresponding toms(1 GeV) = 125
+10
−5 MeV. The well-known
chiral perturbative theory (ChPT) relations [41]
R ≡ 2ms
mu +md
= 24.4± 1.5 , Q2 ≡ m
2
s − (mu +md)2/4
m2d −m2u
= (22.7± 0.8)2 (39)
is used to determine the chiral masses of light mesons
mpi0 =
m2piR
2ms
, mK0 =
m2K
ms
[
1 + 1R
(
1− R2−14Q2
)] , (40)
without involving the light quark masses mu and md because we neglect them elsewhere besides in mpi0 and m
K
0 .
The parameters for meson DAs chosen for the numerical evaluation are listed in Table.I, in which the Gegenbauer
TABLE I. Hadronic parameters for pi and K meson DAs in our evaluation.
pi µ = 1 GeV K µ = 1 GeV Remarks/Refs
fpi 0.13 fK 0.16 in unit of GeV, [25]
mpi0 1.9 m
K
0 1.9 in unit of GeV, [41, 42]
api1 0 a
K
1 0.064± 0.0041 [43]
api2 0.13± 0.028 aK2 0.12± 0.025 an>2 = 0, [43]
f3pi 0.0045± 00015 f3K 0.0045± 0.0015 in unit of GeV2, [44, 45]
ω3pi −1.5± 0.7 ω3K −1.2± 0.7 [45]
λ3pi 0 λ3K 1.6± 0.4 [45]
δ2pi 0.18± 0.06 δ2K 0.20± 0.06 in unit of GeV2, [45–47]
ω4pi 0.20± 0.10 ω4K 0.20± 0.10 [42, 45]
κ4pi 0 κ4K −0.12± 0.01 [42, 45]
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FIG. 1. Pion (left) and Kaon (right) form factors calculated in the PQCD approach.
moments api2 , a
K
1 , a
K
2 are evaluated from LQCD with the new developed momentum smearing technique [48], all
others are calculated from QCD sum rules9.
Our prediction of pion and kaon form factors is illustrated in Figure. 1, where the contributions from dif-
ferent powers are shown separately. The contributions at leading (Red dashed-curves) and subleading twists
(Blue dotted-curves) with two-parton-to-two-parton scattering have been included the the NLO QCD corrections
[19, 20]. The chiral enhancement at twist-3 is shown evidently, and this effect for kaon form factor is stronger
than that for the pion form factor. We define a ratio between the subleading and the leading twist contributions as
RP(Q
2) ≡ FT2P (Q2)/FT3−2PP (Q2) with the notation P = pi and K, and take the deviation of their relative magnitude
from the unit A ≡ 1− Rpi(Q2)/RK(q2) to estimate the SU(3) asymmetry. The result shows that this asymmetry
does not exceed 30% in the considered energy region and vanishes in the perturbative limit. Figure. 1 also indicates
explicitly the power behavior as we claimed below Eq. (38): the contributions from three-parton Fock states is at least
one order lower than the leading contribution from lowest Fock state in the larger energy regions Q2 > 10GeV2,
while the twist-2 times twist-4 contribution in the two-parton-to-two-parton scattering is a litter bit larger than the
contribution from three-parton-to-three-parton scattering, but they are still in the same order.
As listed in Table II, we compare our PQCD predictions with the LCSRs results [6, 17] at the energy point
Q2 = 10 GeV2, where the theoretical error in our calculation mainly comes from the input of the DAs, the two
sources of uncertainty in LCSRs approach are the DAs inputs and the parameters of the approach itself. The choice of
9 Recently, the feasibility of calculating the pion DAs from suitably chosen Euclidean correlation functions at large
momentum is investigated, this method allow us to study higher-twist DAs from LQCD[49, 50], and the result for
the parameter δ2pi consists with it estimated from QCD sum rules, even though the systematic errors is still not yet
under control. 12
TABLE II. The PQCD and LCSRs predictions for the values of Q2Fpi,K(Q2) at the point Q2 = 10 GeV2.
Q2(GeV2) Q2FPQCDpi (Q2) Q2FLCSRspi (Q
2) Q2FPQCDK (Q
2) Q2FLCSRsK (Q
2)
10 0.75(10) 0.51(15) 1.08(15) 0.76(22)
the scale for the nonperturative parameters affects weakly in the larger energy regions so we do not consider it here.
We find that the prediction of the pion and kaon form factors is comparable in the chosen energy point within the
uncertainty, and the difference between the numerical results obtained in these two approaches becomes smaller when
Q2 is increasing.
V. CONCLUSION
We study the pion and kaon electromagnetic form factors with the inclusion of the high power contributions up to
twist-4 of the meson DAs, the PQCD calculation confirms the convergence behaviour of the twist expansion, which
shows that the contribution from the three-parton Fock state is at least one order of magnitude smaller than that
from the lowest Fock state. The chiral enhancement of the subleading power contribution depends strongly on the
corresponding DAs, and this effect is quite obvious in our choice of the conformal expansion of twist-3 DAs. The
direct comparison between the contributions to the pion and kaon form factors from the two-parton-to-two-parton
scattering indicates that the SU(3) asymmetry is no more than 30% in the considered energy region. Because the
current lattice QCD evaluation and experiment measurement of the meson form factors are still in the smallQ2 region,
our calculation can not interplay directly with them now, we look forward to see more data in the intermediate energy
regions at Jefferson Lab with the 12 GeV upgrade program, with which the precise PQCD predictions presented in
this paper can be forwarded to extract the nonperturbative parameters of meson DAs, i.e., the moments in Gegenbauer
expansion. We compare our results with the predictions from the LCSRs approach at the fixed energy point, and
find the parallel prediction power of these two approaches. The further improvement in this project is to combine
the precise measurement of the time-like pion and kaon form factors in the resonance energy regions with the PQCD
calculation at the large energy regions, in order to determine the meson distribution amplitudes.
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Appendix A: Definition of the distribution amplitudes
Light-cone distribution amplitudes (LCDAs) for pseudoscalar meson with quark-antiquark assignment is defined
by the nonlocal matrix element sandwiched between the meson state and vacuum [45, 51],
〈
0
∣∣u(z2)(γργ5)q(z1)∣∣P−(p)〉
=fP
∫ 1
0
dx e−ixpz1−ixpz2
{
ipρ
[
ϕP(x) + (z1 − z2)2g1P(x)
]
+
[
(z1 − z2)ρ − pρ(z1 − z2)
2
p(z1 − z2)
]
g2P(x)
}
, (A1)〈
0
∣∣u(z2)(σττ ′γ5)q(z1)∣∣P−(p)〉
=fPmP0
∫ 1
0
dx e−ixpz1−ixpz2
(
1− m
2
pi
(m0P)2
)[
pτ (z1 − z2)τ ′ − pτ ′(z1 − z2)τ
]
ϕσP(x) , (A2)
〈
0
∣∣u(z2)(iγ5)q(z1)∣∣P−(p)〉 = fPmP0 ∫ 1
0
dx e−ixpz1−ixpz2ϕPP(x) , (A3)
where fP is the decay constant, mP0 is the chiral mass of the pseudoscalar meson, ϕP , ϕ
P,σ
P and g1P,2P corresponds
to the DAs at twist-2, twist-3 and twist-4, respectively.
For the quark-antiquark-gluon assignment, the DAs are defined with the matrix element with the gluon field
strength tensor operator Gκκ′ = gsGaκκ′λ
a/2,
p+
〈
0
∣∣u(z2)(σττ ′γ5)Gκκ′(z0)q(z1)∣∣P−(p)〉
=if3P
∫
Dxi e−ix1pz1−ix2pz2−ix3z0 [(pκpτgκ′τ ′ − pκ′pτgκτ ′)− (pκpτ ′gκ′τ − pκ′pτ ′gκτ )]ϕ3P(xi) , (A4)
p+
〈
0
∣∣u(z2)(γργ5)Gκκ′(z0)q(z1)∣∣P−(p)〉
=fP
∫
Dxi e−ix1pz1−ix2pz2−ix3z0
[
pρ
pκ(z1 − z2)κ′ − pκ′(z1 − z2)κ
p(z1 − z2) ϕ‖(xi) + (g
⊥
ρκpκ′ − g⊥ρκ′pκ)ϕ⊥(xi)
]
,(A5)
p+
〈
0
∣∣u(z2)(γρ)G˜κκ′(z0)q(z1)∣∣P−(p)〉
=fP
∫
Dxi e−ix1pz1−ix2pz2−ix3z0
[
pρ
pκ(z1 − z2)κ′ − pκ′(z1 − z2)κ
p(z1 − z2) ϕ˜‖(xi) + (g
⊥
ρκpκ′ − g⊥ρκ′pκ)ϕ˜⊥(xi)
]
,(A6)
where G˜κκ′ = 1/2 κκ′ηη′Gηη
′
, the location of gluon file strength is at z0 = vz1+vz2 with the free variable v ∈ [0, 1],
ϕ3P is the twist-3 DA, and ϕ‖,⊥, ϕ˜‖,⊥ are twist-4 DAs. When q = d, s, the meson P = pi,K, respectively.
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Appendix B: Expressions of the distribution amplitudes
LCDAs can be obtained by using the conformal partial expansion, and the most familiar expression is the leading
twist DAs written in terms of the Gegenbauer polynomials,
ϕP(x, µ) = 6xx¯
∑
n=0
an(µ)C
3/2
n (2x− 1) . (B1)
Two-particle twist-3 DAs are related to the three-particle DA ϕ3P(xi) and also to the leading twist DA ϕP by
the QCD equation of motion (EOM), the parameter ρP = (mu + mq)/mP0 is introduced to reflect the quark masses
terms in the EOM, in our calacultion we only take into account the strange quark mass, with neglecting the u, d quark
masses unless in the chiral masses mP0 . To next-to-leading order in conformal spin and to the second moments in
truncated conformal expansion of ϕP , we get
ϕPP(x, µ) = 1 + 3ρ
P
(
1− 3aP1 + 6aP2
)
(1 + lnx)− ρ
P
2
(
3− 27aP1 + 54aP2
)
C
1/2
1 (2x− 1)
+ 3
(
10η3P − ρP(aP1 − 5aP2 )
)
C
1/2
2 (2x− 1) +
(
10η3Pλ3P − 9
2
ρPaP2
)
C
1/2
3 (2x− 1)
− 3η3Pω3P C1/24 (2x− 1) , (B2)
ϕσP(x, µ) = 6x(1− x)
{
1 +
ρP
2
(
2− 15aP1 + 30aP2
)
+ ρP
(
3aP1 −
15
2
aP2
)
C
3/2
1 (2x− 1)
+
1
2
(
η3P(10− ω3P) + 3ρPaP2
)
C
3/2
2 (2x− 1) + η3Pλ3P C3/23 (2x− 1)
+ 3ρP
(
1− 3aP1 + 6aP2
)
lnx
}
, (B3)
ϕ3P(xi) = 360x1x2x23
{
1 + λ3P(x1 − x2) + ω3P 1
2
(7x3 − 3)
}
, (B4)
where the contributions from the three-particle and from the two-particle by EOM are separated clearly, the three
parameters f3P , λ3P , ω3P can be defined by the matrix element of local twist-3 operators, and their evolution have
the mixing terms with the quark mass [45].
For the two-particle twist-4 DAs, the definition considered in the strictly light-cone expansion in Eq. (A1) is more
convenient to be used in the QCD calculation, and their relations to the invariant amplitudes ψ4P , φ4P defined in the
Lorentz structure are,
g2P(x) = −1
2
∫ x
0
dx′ψ4P(x′) , g1P(x) =
1
16
φ4P(x) +
∫ x
0
dx′g2P(x′) . (B5)
The relations between different operators by EOM indicate that these Lorentz invariant amplitudes are written in
terms of the ”genuine” twist-4 contribution from the three-particle DAs ϕ‖(xi), ϕ⊥(xi) and the Wandzura-Wilczek-
type mass corrections from the two-particle lower twist DAs, distinguishing by parameters δ2P and m
2
P , respectively.
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The corrected expressions are [42]
ψ4P(x) = δ2P
[20
3
C
1/2
2 (2x− 1) +
49
2
aP1 C
1/2
3 (2x− 1)
]
+ m2P
{
6ρP
(
1− 3aP1 + 6aP2
)
C
1/2
0 (2x− 1)
−
[18
5
aP1 + 3ρ
P
(
1− 9aP1 + 18aP2
)
+ 12κ4P
]
C
1/2
1 (2x− 1)
+
[
2− 6ρP
(
aP1 − 5aP2
)
+ 60η3P
]
C
1/2
2 (2x− 1)
+
(18
5
aP1 − 9ρPaP2 +
16
3
κ4P + 20η3Pλ3P
)
C
1/2
3 (2x− 1)
+
(9
4
aP2 − 6η3Pω3P
)
C
1/2
4 (2x− 1)
}
+ 6m2q
(
1− 3aP1 + 6aP2
)
lnx , (B6)
φ4P(x) = δ2P
{(200
3
+ 196(2x− 1)aP1
)
x2x¯2
+ 21ω4P
(
xx¯(2 + 13xx¯) + [2x3(6x2 − 15x+ 10) lnx] + [x↔ x¯]
)
− 14aP1
(
xx¯(2x− 1)(2− 3xx¯)− [2x3(x− 2) lnx] + [x↔ x¯]
)}
+ m2P
{16
3
κ4P
(
x(2x− x¯)(1− 2xx¯) + [5(x− 2)x3 lnx]− [x↔ x¯]
)
+ 4η3Pxx¯
[
60x¯+ 10λ3P
(
(2x− 1)(1− xx¯)− (1− 5xx¯)
)
− ω3P
(
3− 21xx¯+ 28x2x¯2 + 3(2x− 1)(1− 7xx¯)
)]
− 36
5
aP2
(1
4
xx¯(4− 9xx¯+ 110x2x¯2) + [x3(10− 15x+ 6x2) lnx] + [x↔ x¯]
)
+ 4xx¯(1 + 3xx¯)
(
1 +
9
5
(2x− 1)aP1
)}
, (B7)
with η3P = f3P/(fPmP0 ). It is noticed in Eq. (B6) that ψ4P(x) has a logarithm end-point singularity for the finite
quark mass, while this singularity is not existed in φ4P(x). The conformal expansion of three-particle twist-4 DAs
reads:
ψ‖(xi) = 120x1x2x3
{
δ2P
[21
8
(x1 − x2)ω4P + 7
20
aP1 (1− 3x3)
]
+m2P
[
− 9
20
(x1 − x2)aP2 +
1
3
κ4P
]}
, (B8)
ψ⊥(xi) = 30x23
{
δ2P
[1
3
(x1 − x2) + 7
10
aP1
(
− x3(1− x3) + 3(x1 − x2)2
)
+
21
4
ω4P(x1 − x2)(1− 2x3)
]
+m2P(1− x3)
[ 9
40
(x1 − x2)− 1
3
κ4P
]}
, (B9)
ψ˜‖(xi) = −120x1x2x3δ2P
{1
3
+
7
4
aP1 (x1 − x2) +
21
8
ω4P(1− 3x3)
}
, (B10)
ψ˜⊥(xi) = 30x23
{
δ2P
[1
3
(1− x3)− 7
10
aP1 (x1 − x2)(4x3 − 3) +
21
4
ω4P(1− x3)(1− 2x3)
]
+m2P
[ 9
40
aP2 (x
2
1 − 4x1x2 + x22)−
1
3
(x1 − x2)κ4P
]}
, (B11)
in which three nonperturbative parameters δ2P , ω4P , κ4P are introduced. We close this section by noticing that all
16
parameters in the conformal expansion of DAs have the scale dependence and the behaviours of their evolutions can
be found in Ref. [45].
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